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Figure 1.2 The global biogeochemical cycling of calcium carbonate (from Ridgwell and Zeebe, in press). 
(a) Modes of CaCO3 transformation and recycling within the surficial system and loss to the geological 
reservoir (labelled ‘1’ through ‘4’). 1 Precipitation of calcite by coccolithophores and foraminifera in the 
open ocean; Ca
2+ + 2HCO3
- → CaCO3 + H2O + CO2 (aq). 2 Carbonate reaching deep-sea sediments will 
dissolve during early diagenesis if the bottom water is under-saturated and/or the organic matter flux to 
the  sediments  is  sufficiently  high.  3  Precipitation  of  CaCO3  by  corals  and  shelly  animals,  with  a 
significant  fraction  as  the  aragonite  polymorph.  Because  modern  surface  waters  are  over-saturated 
relatively little of this carbonate that dissolves results in higher pCO2 at the surface, driving a net transfer 
of CO2 from the ocean to the atmosphere. (b) Modes of CaCO3 transformation and recycling within the 
geologic reservoirs and return to the surficial system (labelled ‘5’ through ‘8’). 5 CaCO3 laid down in 
shallow seas as platform and reef carbonates and chalks can be uplifted and exposed to erosion through 
rifting and mountain-building episodes. CaCO3 can then be directly recycled; CO2 + H2O + CaCO3 → 
Ca
2+ + 2HCO3
-. 6 Thermal breakdown of carbonates subducted in to the mantle or deeply buried. The 
decarbonation reaction involved is essentially the reverse of silicate weathering, and results I the creation 
of calcium silicates and release of CO2; CaCO3 + SiO2 → CO2 + CaSiO3. 7 Weathering of silicate rocks; 
2CO2 + H2O + CaSiO3 → Ca
2+ + SiO2 + 2H2CO3
-. 8 Emission to the atmosphere of CO2 produced 
through decarbonation. This closes the carbon cycle on the very longest time-scales.  
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increases  the  space  available  for  coral  reef  growth.  As  coral  reefs  grow  into  the  newly  available 
accommodation space, CO2 is released as a byproduct of calcification. The reef-released CO2 amplifies 
the deglacial atmospheric CO2 increase and induces further warming, ice melt and continued sea-level 
rise. 
 
1.3.2 Deep-Sea Dissolution 
During glacials sea level is approximately 100 m lower than its present day level 
and the deep sea is the locus of carbonate deposition (Figure 1.5B). During interglacials 
vast areas of shallow shelf are flooded by sea level rise, increasing the area potentially 
available for reef growth by approximately 400 % (Kleypas, 1997). This rise in sea 
level shifts the locus of carbonate deposition from the deep sea to the shallow shelves 
(Figure  1.5A).  The  increase  in  coral  reef  calcification,  caused  by  increased 
accommodation  space,  results  in  a  lowering  of  the  dissolved  carbonate  ion 
concentration  in  surface  waters.  The  reduction  in  carbonate  ion  concentration  is 
transmitted to the deep-sea and leads to enhanced dissolution of carbonate sediments 
below the lysocline (Figure 1.5A). This process can essentially be spilt into two parts, a 
build  up  of  excess  CO2  resulting  from  coral  reef  calcification  and  the  subsequent 
dissolution of deep sea carbonate. The transfer of this excess CO2 or a reduction in the 
carbonate ion (in DIC) signal to the deep sea by the thermohaline circulation takes time 
(average mixing time of the ocean is approximately 1000 years (Sigman and Boyle, 
2000))  hence  there  is  a  build  up  of  the  excess  CO2  in  surface  waters  and  the 
atmosphere.  
Pelagic carbonate  formation (by planktonic  foraminifera and  coccolithophores) 
does not result in the dissolution of deep-sea sediments because the carbonate shells 
formed by these planktonic organisms dissolve as they sink through the water column 
restoring the carbonate ion concentration (Figure 1.6). Pelagic recycling of foraminferal 
and coccolithophore CaCO3 (through production and  subsequent dissolution) occurs 
continuously throughout the glacial-interglacial cycle.  
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Figure  1.5  A.  Cartoon  of  the  interglacial  ocean  carbonate  system.  During  interglacials  the  shift  of 
carbonate deposition from the deep sea to coral reefs leads to a) a shoaling of the lysocline and b) an 
increase in the area of deep sea floor where dissolution of deep-sea carbonate sediments occurs to restore 
the oceanic carbonate ion concentration. B. Cartoon of the glacial ocean carbonate system. During glacial 
periods sea level is lower and area available for coral reef growth is significantly reduced. The ocean 
carbonate ion concentration is restored by riverine input and the erosion and dissolution of the now 
exposed reefs. The restoration of ocean carbonate causes the lysocline to deepen, reduces the area of the 
sea bed where deep sea carbonate sediments are dissolved and the deep sea becomes the dominant locus 
of carbonate deposition.      Chapter 1 Introduction 
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Figure 1.6 Pelagic foraminifera and coccolithophores deposit shells of calcium carbonate (Ca
2+ + 2HCO3
- 
→ CaCO3 + CO2 + H2O), removing carbonate (CO3
2-)
 and calcium ions (Ca
2+) from surface waters. After 
death these planktonic organisms sink. The carbonate shells rapidly dissolve as they sink through the 
water column restoring the carbonate ion concentration in surface waters. 
 
Originally,  basin  to  shelf  transfer  of  CaCO3,  as  invoked  by  the  Coral  Reef 
Hypothesis, was  investigated as a possible  mechanism to explain the  late Holocene 
dissolution event well known from deep-sea carbonate in the equatorial Pacific. But 
results  of  a  Coral  Reef  Hypothesis  dissolution  model  suggested  that  although  reef 
growth could have produced a deep-sea dissolution event of the same magnitude as that 
observed in the sedimentary record (approximately 8 g cm
-2 CaCO3), it would have not 
occurred at the correct time during the Holocene (Keir and Berger, 1985). If coral reef 
growth were responsible for the late Holocene dissolution in the deep-sea cores there 
would have been a substantial increase in reef growth in the late Holocene (3 ka) and a 
natural pulse of CO2 recorded in the ice core records. Yet, no evidence had been found 
at that time for either. It was therefore concluded that the Coral Reef Hypothesis was a 
satisfactory  explanation  for  post-transgression  dissolution  in  general,  but  could  not 
explain  the  additional  late  Holocene  dissolution  effect  seen  in  the  Pacific  deep-sea 
sediment cores (Keir and Berger, 1985; Farrell and Prell, 1991).  
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within the section (reef sequence, Plate 2.4). Drilling was abandoned when progress was 
repeatedly  impeded  by  sand  or  by  some  impenetrable  surface,  for  example,  granite 
basement. At both Lizard Island and MacGillivray Reef, drilling was interpreted to have 
reached granite basement based on drill bit refusal characteristics (Chapter 3).  
 
Plate  2.4  Drill  core  recovered  from  MacGillivray  Reef  leeward  margin  (Mac1).  Cored  material  is 
labelled; for example, 1-9, number 1 refers to drill core name (e.g. Mac 1), number 9 refers to number of 
times the drill string was removed to extract coral core. The numbers and arrows labelling the coral 
indicate the sequence of coral pieces within each cored section. Increasing numbers indicate increasing 
depth from the top. Arrows indicate the orientation of the coral as it was retrieved from the core barrel. 
The orientation and order of the coral section retrieved assists in determining whether or not the coral was 
recovered in growth position, this is especially important for selecting material for radiometric dating and 
calculating accretion rates.  
 
2.2.2 Thrown-up Coral Block 
At MacGillivray Reef large thrown-up coral blocks were drilled through to reach 
the underlying reef because the water level here is too high during most of the tidal 
cycle to allow effective and safe drilling on the leeward margin. Drilling through thrown 
up coral blocks proved to be a very successful tactic allowing uninterrupted drilling for 
up to 5 hours at Mac 4 (Plate 2.5; Chapter 3) where  a total of 8.5  m of  core was 
recovered. It was important to log the contact between the thrown up coral block and the 
reef flat surface. This contact was actually quite obvious because (i) a large gap existed 
between  the  coral  block  and  reef  surface  (0.5  m),  (ii)  encrusting  foraminifera  and 
detritus had built up at the contact area and (iii) the orientation of the corallites changed Chapter 2 Materials and Methods 
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markedly  within  the  cored  material.  The  recovered  cores  were  cut  longitudinally, 
logged, photographed, thin sections made and petrology carried out (Plate 2.4). Core 
logging  involved recording detailed descriptions of  flora  and  fauna to establish  any 
changes in facies composition as the reef developed.  
 
Plate 2.5. Large thrown up bombie (14˚38.95’S, 145˚29.25’E) on leeward margin of MacGillivray Reef 
and site of drill core Mac 4 at low tide.  
 
2.2.3 Age Reversals 
Occasionally  age  reversals  appear  in  reef  stratigraphies.  There  are  various 
mechanisms which can lead to age reversals appearing in reef stratigraphy including; 
1.  The growth configuration of corals is not only vertical, as such a single slice 
through a coral colony might reveal older growth on top of younger growth.  
2.  Coral growth or deposition of younger material beneath overhangs. 
3.  Older  fragments  of  corals  being  re-worked  to  a  deeper  but  younger  growth 
horizon for example from reef crest to reef slope. 
4.  Older  coral  fragments  being  re-worked  to  a  younger  growth  horizon,  for 
example,  thrown-up  coral  blocks  onto  reef  flats  during  storms  and  cyclones 
(Plate 2.5). 
But  the  most  common  source  of  these  reversals  is  incorrect  interpretation  of  coral 
growth position (Kleypas, 1991; Graham, 1993). Meticulous recording of the position 
of each piece of coral material recovered by coring and examination of material in thin 
section  is  used  to  determine  the  orientation  of  cored  coral  material  and  aid  the 
appropriate selection of cored material for radiometric dating (Chapters 3 and 4). 
 
2m Chapter 3 Holocene Evolution of the Granite based Lizard Island and MacGillivray Reef Systems, 
Northern Great Barrier Reef 
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The younger radiocarbon age was therefore used to calculate the accretion rate for the 
windward margin. Dates of 267 ± 219 cal yr BP (Mac 4, 0.5 m below the reef flat) and 
77 ± 145 cal yr BP (Mac 1, top of core) indicate that the leeward margin approached sea 
level much more recently. The radiocarbon date at the base of core Mac 1 indicates that 
reef growth was initiated approximately 8.2 cal kyr BP at a depth of 15 m below the reef 
flat on a basement which is assumed to be granite (Figure 3.5, Table 3.1).  
 
Table 3.1. AMS Radiocarbon dating results. Radiocarbon ages are corrected for isotopic fractionation. 
Conversion to calendar ages was carried out using the marine calibration in the CALIB 4.4 programme 
(Stuvier and Reimer, 1993) assuming a marine reservoir offset ∆R = 10 ± 7 a. Errors are 1σ. † This 
sample came from the thrown up coral block through which core Mac 1 was initiated. 
 
Lab Code  Reef  Core 
No. 
Margin  Depth 
below 
surface 
(m) 
Conventional 
radiocarbon age  
(kyr BP) 
Calibrated age  
(cal kyr BP) 
ANUA25523  Lizard  L1  Windward  0.1  -0.653 ± 0.181  - 
ANUA25524  Lizard  L1  Windward  4.5  6.289 ± 0.202  6.722 +0.249/-0.236 
ANUA25525  Lizard  L3  Windward  0.3  -0.469 ± 0.184  - 
ANUA25526  Lizard  L3  Windward  2.35  4.637 ± 0.202  4.830 +0.368/-0.293 
             
ANUA25520  MacGillivray  Mac1  Leeward  +0.2†  0.201 ± 0.193  - 
ANUA26224  MacGillivray  Mac1  Leeward  0  0.487 ± 0.178  0.077 +0.212/-0.212 
ANUA25521  MacGillivray  Mac1  Leeward  9.5  6.700 ± 0.227  7.228 +0.183/-0.252 
ANUA26225  MacGillivray  Mac1  Leeward  15  7.736 ± 0.207  8.170 +0.209/-0.214 
ANUA26228  MacGillivray  Mac4  Leeward  0.5  0.619 ± 0.175  0.267 +0.171/-0.267 
ANUA26627  MacGillivray  Mac4  Leeward  6.2  4.296 ± 0.189  4.403 +0.239/-0.266 
ANUA26229  MacGillivray  Mac5  Windward  0.7  5.390 ± 0.181  5730 +193/-157 
ANUA26230  MacGillivray  Mac5  Windward  2  5.234 ± 0.188  5.583 +0.174/-0.173 
ANUA26231  MacGillivray  Mac5  Windward  11  7.172 ± 0.202  7.618 +0.197/-0.168 
 
The deepest date at Mac 5 is 7.62 ± 0.2 cal kyr BP at approximately 11 m below the reef 
flat, whereas the deepest date in the leeward core Mac 4 is 4.4 ± 0.3 cal kyr BP at a 
depth of 6.2 m below the reef flat. We also dated the thrown up coral block through 
which Mac 1 was initiated. This returned a modern date (the radiocarbon age of 200 ± 
190 yr BP indicates some contribution from bomb radiocarbon), and hence we conclude 
that this block was broken off a living coral and thrown up on to the reef flat (Figure 
3.5, Table 3.1). Chapter 5 The Impact of Coral Reef CaCO3 Accumulation on Holocene Atmospheric Carbon Dioxide 
Concentration. 
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Figure 5.4 a-f. Box plots of the variation in the accretion rate data used to calculate the trimmed and 
arithmetic mean accretion rates for each time slice for each reef province. (a) Great Barrier Reef, (b) 
Western Pacific Ocean, (c) Atlantic-Caribbean, (d) Western Indian Ocean, (e) East Indian Ocean and (f) 
East Pacific. The accretion rates used in the mass balance calculations are represented by dotted lines 
(trimmed means) and dashed lines (arithmetic means). The unbroken horizontal line indicates the median, 
if it is the same as the trimmed or arithmetic mean it is not shown. The inter-quartile range for each time 
slice is indicated by the vertical unbroken lines and outlier data indicated by filled circles. 
 
 Chapter 5 The Impact of Coral Reef CaCO3 Accumulation on Holocene Atmospheric Carbon Dioxide 
Concentration. 
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Figure 5.5. Variation in mean framework accretion rates through the Holocene for each reef province 
using Method 2. Time scale is marine radiocarbon age. GBR – Great Barrier Reef, WPO – Western 
Pacific Ocean, AC – Atlantic Caribbean, WIO – Western Indian Ocean, EP – East Pacific Ocean, EIO – 
Eastern Indian Ocean. 
 
The accretion rates of both the Western Indian Ocean and the Great Barrier Reef 
are lower for the 10 to 8 kyr BP time slice than for the 8 to 6 kyr BP time slice, similar 
to the hypothetical growth curves in Figures 5.3 (Figures 5.5 and 5.6). The Western 
Pacific reef province exhibits the highest mean accretion rate (9.98 m kyr
-1) between 10 
and  8  kyr  BP  (Figures  5.5  and  5.6).  Rates  of  vertical  accretion  exhibit  a  positive 
correlation with rates of sea level rise in the Great Barrier Reef, Western Pacific Ocean, 
Atlantic Caribbean, Western Indian Ocean and the Eastern Indian Ocean (Figures 5.6 a-
e). Higher vertical accretion rates coincide with rapid rates of sea level rise in response 
to the increase in accommodation space available for reef growth and the need for corals 
to remain in the photic zone (Figures 5.6 a-e). Rates of vertical accretion decrease as the 
rate of sea level rise slows or once sea level stabilized at its modern level. Figures 5.6 a-
f indicate the importance of the rate of sea level rise on the rate of reef accretion. We 
conservatively estimate the total amount of CaCO3 accumulated by coral reefs during 
the Holocene to be 7970 Gt (Table 5.3).  
The  majority  of  CaCO3  accumulation  occurred  in  the  early  to  mid-Holocene 
between 10 and 4 kyr BP, CaCO3 accumulation during the late Holocene (between 2 and 
0  kyr  BP)  was  much  less  significant  (Table  5.3;  Figure  5.7).  The  Western  Pacific 
Time Slice (Marine Age kyr BP)
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7.1.2 Rodrigues Island 
·  The  windward  and  leeward  margins  of  Rodrigues  fringing  reef  approached 
present  day  sea  level  at  approximately  3  and  1.5  kyr  BP  respectively.  The 
relatively low rates of vertical reef growth within the top 4 m of the Rodrigues 
cores,  ranging  from  0.46  to  1.96  m  kyr 
-1,  are  probably  related  to  the  reef 
margins being exposed to increasing hydrodynamic energy conditions as they 
approached modern day sea level. 
·  There is a prominent algal ridge feature on the windward reef flat indicating 
persistent high-energy conditions probably related to the south east trade winds.  
·  The presence of large aeolian dune deposits on the southern and eastern coasts 
of Rodrigues Island indicate that the modern day Holocene reef probably caps an 
older Pleistocene reef.  
·  Western  Indian  Ocean  coral  reefs  have  accumulated  at  least  217  Gt  CaCO3 
during  the  Holocene.  From  first  approximations,  this  may  represent 
approximately 10 % of the global total  for the last 10 kyr and suggests that 
Western Indian Ocean reefs could have released approximately 57 Gt CO2 to the 
Holocene atmosphere.  
 
7.1.3 Carbonate Budgets 
·  Coral  reef  accretion  rates  have  varied  spatially  within  reef  provinces  and 
temporally  during  the  Holocene  in  response  to  various  factors  including  sea 
level rise, turbidity, substrate type, proximity to larval recruitment centres, light, 
salinity, nutrients and temperature  
·  Maximum reef accretion occurred between 10 and 4 kyr BP (6492 Gt CaCO3). 
During this time the area available  for reef growth was greatly  increased by 
rapidly rising sea level flooding the continental shelves creating accommodation 
space for corals to grow into. This increase in the area available for reef growth 
is reflected in faster vertical accretion rates exhibited by all reefs in the early to 
mid-Holocene compared with the late Holocene. Around 6 kyr BP modern sea 
level had either been reached or the rate of sea level rise had slowed and the area 
available for reef growth was reduced. Between 4 and 0 kyr BP the reduction in 
coral  reef  accommodation  space  available  for  reef  growth  resulted  in  less 
carbonate  accumulation  compared  to  the  early  to  mid-Holocene  (1474  Gt 
CaCO3). Chapter 7 Conclusions 
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·  The  pattern  of  global  CaCO3  accumulation  temporally  is  a  reflection  of  the 
variation  in  accretion  rates  from  all  reef  provinces.  The  primary  factor 
influencing the magnitude of the contribution of individual reef provinces to the 
global CaCO3 mass balance is reef area.  
·  This  thesis  conservatively  estimates  the  Holocene  coral  reef  CaCO3  mass 
balance to be 7970 ± 478 Gt CaCO3 which would have made 2100 ± 126 Gt CO2 
available for release to the atmosphere since 10 kyr BP. This may have resulted 
in a 274 ± 16 ppmv change in the atmospheric CO2 concentration.  
·  The  cumulative  calcium  carbonate  (CaCO3)  accumulation  within  coral  reefs 
globally during the past 10 kyr BP (7970 Gt; ~ 0.1 Gt C yr 
-1) is about half the 
flux  of  carbon  to  both  the  global  ocean  from  rivers  and  buried  in  deep  sea 
sediments  as  CaCO3.  The  amount  of  carbon  locked-up  in  coral  reefs  and 
released to the atmosphere by coral reef calcification during the Holocene are 
comparable to the amount of carbon in the present day terrestrial biosphere and 
surface ocean DIC. 
·  The CO2 available to the Holocene atmosphere from coral reef calcification of 
274 ppmv is large in comparison with the observed increase in atmospheric CO2 
concentration between the LGM and pre-industrial revolution of 80-100 ppmv. 
Some factor or combination of factors must have served as a sink for this coral 
reef released CO2, possibly terrestrial vegetation re-growth (Figure 7.1).  
·  Currently, most carbon cycle models and budgets do not include an independent 
coral reef component. This study is an improvement on past carbonate budget 
studies because i) it is calculated using only coral reef data, ii) it employs an 
extensive dataset with global coverage, iii) it has a temporal perspective, iv) it 
incorporates  the  proportional  change  in  reef  area  associated  with  the 
transgression  and  vi)  it  utilizes  the  most  accurate  and  up  to  date  reef  area 
estimate. 
·  The anthropogenic flux of CO2 to the atmosphere (currently ~ 6.3 Gt C as CO2 
yr
-1)  is  huge  in  comparison  to  natural  Holocene  reef  emissions  (Holocene 
average ~0.06 Gt C as CO2 yr 
-1), present day reefs release only 0.3 % current 
anthropogenic emission and even the peak Holocene reef flux amounted to only 
1.4 % of present day anthropogenic release. The current rate of coral reef CO2 
release  calculated  by  this  study  is  approximately  0.3  %  of  present  day 
anthropogenic fuel emissions of 6.3 ± 0.4 Pg C yr
-1. Chapter 7 Conclusions 
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